Abstract We have microfabricated two functional components toward developing a microchip flow injection analysis (FIA) system, i.e., an open-channel electroosmotic pump and a gas-diffusion chip, consisting of two m i c r o f a b r i c a t e d g l a s s w a f e r s a n d a p o r o u s polytetrafluoroethylene membrane. This is the first application of gas-diffusion separation in a microchip FIA system. To demonstrate the feasibility of using these two components for performing gas-diffusion FIA, we have incorporated them together with a regular FIA injection valve and a capillary electrophoresis absorbance detector in a flow injection system for determination of ammonia in environmental water samples. This system has a limit of detection of 0.10 mg L −1 NH 3 , with a good repeatability (relative standard deviation of less than 5 % for 4.0 mg L −1 NH 3 ). Parameters affecting its performance are also discussed.
Introduction
The objective of lab-on-chip (LOC) is to integrate and perform multiple analytical processes (e.g., sample pretreatment, solution distribution/mixing, separation, and detection) on a microchip platform. A lot of research has been focused on electrophoretic separations, and relatively speaking, much less work has been carried out on multi-process integration, likely due to the lack of some robust and miniaturized functional components (e.g., pumps, valves) that can be readily incorporated into an LOC device. Flow injection analysis (FIA), developed in the mid-1970s [1] , is an analytical technique capable of performing multiple and complex sample pretreatment processes. So far, only a few FIA applications have been implemented using LOC devices.
Even fewer LOC devices have been implemented in environmental analysis [2, 3] . The reasons might be that environmental samples are abundant, and that the reagents used for these analyses are relatively inexpensive compared to scarce samples and expensive reagents for some bioanalyses. However, LOC devices can bring quite a few benefits to environmental analysis [4] . For example, LOC devices are miniaturized and portable, and can be conveniently taken to the field for on-site analysis. Low-cost and miniaturized LOC devices can be placed at multiple sites for unattended monitoring. LOC devices are generally environmentally friendly because these systems consume small quantities of reagents and produce low volumes of wastes.
Gas-diffusion (GD) devices are commonly used to improve analysis selectivity by separating a volatile or semi-volatile analyte or analyte that can be converted into a volatile species from its interferents in the sample matrix [5] . A GD device often consists of a hydrophobic porous membrane and two fluidic conduits on both sides of the membrane, i.e., donor and acceptor channels. As the sample is brought by the donor stream to the membrane, the analyte or its volatile derivative evaporates into the membrane pores, diffuses across the porous membrane, and is absorbed by the acceptor solution on the other side of the membrane for further processing and detection. The GD device can be conveniently integrated with an FIA or sequential injection analysis (SIA) system [6] [7] [8] , and it offers an effective means of eliminating interferences and thus minimizing matrix effects.
Ammonia, present in nature as neutral ammonia and the ammonium cation, is an excellent source of plant nitrogen. It is either of natural (e.g., formed during decomposition of proteins and other nitrogen-containing compounds) or anthropogenic origin (e.g., released with industrial, domestic or agricultural effluents). Low-level ammonia is not considered toxic to humans; the US National Academy of Science recommends, and many European nations have adopted, a drinking water standard of 0.5 mg L −1 . Some drinking water treatment processes add small amounts of ammonia, generally less than 0.4 mg L −1 to water to increase and extend the disinfecting ability of chlorine [9] . Ammonia has a toxic effect on humans if the intake becomes higher than the capacity to detoxify it, e.g., at a dose of more than 33.7 mg of ammonia per kg of body mass per day; ammonia influences metabolism by shifting acid-base equilibria, disturbing the glucose tolerance, and reducing the tissue sensitivity to insulin [10] . Ammonia is also toxic to fish and other aquatic organisms often at concentrations even below 1 mg L −1 in water.
For measuring the concentration of ammonia in a water sample using a GD device, the donor solution is usually alkaline to convert quantitatively the ammonium cation to ammonia, the acceptor solution contains often an acid-base indicator that changes color after absorbing ammonia, and the hydrophobic porous membrane is frequently made of polytetrafluroethyelene (PTFE). Such membranes transport ammonia and other gaseous compounds and prevent solutes from being exchanged between the donor and acceptor solutions [6, 7, 11, 12] . In a GD-FIA system, the donor and acceptor solutions are propelled to the membrane via a multichannel peristaltic pump, the sample is injected into the donor stream via an injection valve, and the quantity of the ammonia is measured usually by measuring the color change of the acceptor stream.
In this study, we microfabricated two basic functional components toward the ultimate development of a microchip GD-FIA system. We microfabricated an electroosmotic pump (EOP) following a similar process as previously described by us [13] [14] [15] but with some modifications. We assembled for the first time a GD chip using two glass wafers with microfabricated channels and a porous PTFE tape. We coupled the EOP and the GD chip with a conventional FIA injection valve and a CE absorbance detector to construct a partially-microfabricated GD-FIA system. We characterized this GD-FIA system and utilized it for measuring ammonia concentrations in environmental water samples to demonstrate the feasibility of using the two microfabricated components for performing FIA. Figure 1a schematically presents the EOP channel pattern.
Experimental
The pattern for all connection-channels (red) and alignmentmarks (blue) were laid out on Photomask #1 and had a linewidth of 10 μm, while the pattern for all pump channels (green) were placed on Photomask #2 and had a linewidth of 300 μm. All connection channels were semicircles, except for the straight channels leading to the edge of the wafer. All pump channels had an identical length of 60 mm, and there were six repetitive channel groups in this channel pattern design. Within each channel group, the center-to-center distance between two adjacent pump channels was 450 μm. The fabrication process was similar to what we had described previously [15, 16] . Briefly,~190-μm-deep connectionchannel grooves were produced on two 98-mm-diameter glass wafers, first using Photomask #1. Because of the isotropic etching of HF, these grooves had a semicircular profile with an i.d. of~380 μm that matched accurately the o.d. (375 μm) of the connection capillaries. Photomask #2 was then used to align the pump channel pattern with the etched connectionchannel grooves on one of the above wafers, and etched to a depth of~5 μm. After 1-mm-diameter access holes were drilled through the connection-channel grooves on the wafer with only the connection-channel grooves, two wafers were cleaned, face-to-face aligned, and thermally bonded. The resultant chip had round connection channels with a diameter of 380 μm and flat pump channels with a depth of~5 μm and width of~310 μm. The chip was cut to a desired shape, capillaries were inserted into the connection channels, and adhesive was applied to the access holes to secure the capillaries. Figure 1b presents an image of an EOP chip with capillaries being attached. (Note: The two short-pumpchannel EOP units were not used in this experiment.) Figure 1c presents a Nafion membrane grounding interface for the EOP. A micro cross was utilized to incorporate a Nafion membrane into the fluidic system to facilitate application of an electric potential to the pump channels. At each end of the cross there was a threaded hole with a flat bottom. A piece of PTFE tubing with an inner diameter (i.d.) of 0.8 mm was inserted through a nut to the flat end of a ferrule (Fig. 1c) . A piece of Nafion membrane 115 (Fuel Cell Earth, LLC, Stoneham, MA) was cut to an appropriate size, hydrated first in ethanol and then in 2.0 mM borax solution, and put to the bottom of a threaded hole. By tightening the nut, the ferrule pressed the Nafion membrane tightly against the flat bottom of the threaded hole. Although the Nafion membrane blocked the liquid flow, cations could pass across this cation exchange membrane easily. The other three ends were used for incorporating connection capillaries. Figure 1d presents a schematic configuration of the EOP; two channel groups are combined into one EOP via a micro cross. During the pump operation, a positive HV electrode and the loose ends of the inlet connection capillaries were dipped into a 500-mL borax reservoir, while a grounding electrode (GND) and the loose ends of the PTFE tubings were dipped into another 500-mL borax solution container.
Manufacturing of the gas-diffusion chip Figure 2a schematically presents a photomask design containing five different channel geometries (1-1′, 2-2′, 3-3′, 4-4′, and 5-5′). All geometries had the same photomask linewidth of 100 μm. The distance between the folded channels or parallel channels (from center-to-center) was 1 mm. After all channel patterns were etched on a wafer to a depth of~50 μm, holes were drilled at all ends of the grooves, and the wafer was then cut vertically (along channel geometry 5-5′) into two halves.
[Note: To obtain a chip for testing channel 5-5′, the wafer was cut horizontally through the middle of all the other grooves.] The two halves were cleaned and face-to-face aligned to sandwich a piece of porous PTFE membrane, and the assembly was held together using 4 paper clips (Fig. 2b) . Figure 2c presents the channel orientation after the GD chip was assembled. [Note: The red channel on the bottom plate should be invisible because it was underneath the PTFE membrane. It is shown in Fig. 2c for illustration purposes only.] The combination of Fig. 2c and d depicts the fluidic conduits thoroughly. A capillary was plugged into each one of the 1-mm-diameter access holes via a pipette tip sleeve, and secured in position using and epoxy adhesive. Figure 2e shows a picture of an assembled GD chip (with the paper clips removed). [Note:
The red plastic block was not part of the GD device, and it was used to support the GD device for taking the picture.] Apparatus Figure 3 presents a schematic diagram of the apparatus used in these experiments. Two EOPs (EOP1 and EOP2) had identical configurations; each consisted of three pump-channel groups and had a flow rate of 2.0 μL min −1 when 4 kV was applied to the pump channels. The top fluidic line (blue) represents the acceptor stream, while the bottom line (red) represents the donor stream. Two reagent holding coils (HC1 and HC2) were incorporated to prevent the donor and acceptor solutions from contaminating the pump channels. The samples and standards were injected into the donor-stream using a Rheodyne Model 5020 rotary injection valve (V) with a sample-loop volume of 5 μL. The sample mixed with the donor solution and the ammonium cation was quantitatively converted to ammonia. When the donor stream passed through the GD chip, ammonia diffused across the PTFE membrane (M) and was absorbed by the acceptor solution containing BTB where it was converted back to the ammonium cation thus changing the solution pH. This pH change resulted in a BTB color change that was measured by a capillary electrophoresis (CE) absorbance detector (D) (Linear UVIS 200, Linear Instruments, Reno, NV, USA, http://www.linearinstrument.com/) at 620 nm. The absorbance signal was acquired using a multifunctional data acquisition card (DAQ Card 6062E, National Instruments, Austin, TX, http://www.ni.com/), and the data were processed with an in-house written LabView program.
Berthelot method for ammonia measurement A Berthelot protocol, utilized earlier by us [17] , was employed for determining ammonia in natural samples in order to validate the accuracy of the method. Phenol/sodium nitroprusside solution (R1) was prepared by dissolving 1.0 g phenol and 0.5 g sodium nitroprusside in 50 mL of deionized water. Alkaline EDTA reagent solution (R2) was made by dissolving 5.0 g disodium ethylenediaminetetraacetate-hydrate and 2.0 g sodium hydroxide in 100 mL of deionized water. Sodium 
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Photographic picture of the GD chip. All capillaries connected to the GD chip had an i.d. of 250 μm. Paper clips were used to hold the GD chip together, but the picture was taken after the paper clips were removed hypochlorite reagent solution (R3) was obtained by diluting 8 mL commercial bleach (Clorox, 5 % w/v NaOCl) with deionized water to 100 mL. To perform the measurement, 5.0 mL of R2, 5.0 mL of R3, and 5 mL of R1 were successively added into a 50-mL flask containing 25.0 mL of sample or standard (for creating a calibration curve) and the mixture was diluted to 50 mL with deionized water. The solution was mixed gently and left at ambient temperature (~20°C) for 30 min and then the absorbance was measured using a Shimadzu UV-1601 UV-Visible Spectrophotometer (http:// www.shimadzu.com/) at 630 nm. The transient absorbance peak maximum was used as the analytical signal in this study.
Results and discussion

General considerations regarding system design and assembling
The primary purpose of this work was to microfabricate two functional components (an EOP and a GD chip) for the construction of a cost-effective microfluidic GD-FIA system, and to demonstrate the feasibility of using this system for natural water sample analysis. Preparation of a microchip EOP had been reported before [14] [15] [16] , but improvements were made in this work. The major improvement was the Nafion membrane grounding interface. The interface allowed application of potential efficiently on the pump channels. Because the fully-hydrated Nafion 115 membrane had a low electric resistivity (10-12 Ωcm) [18] , and because the PTFE connection tubing was short (~5 cm) and wide (0.8 mm i.d.), most of the voltage (>99 %) was effectively applied to the pump channels. The interface was robust, and the EOP worked smoothly. Figure 3 presents a schematic arrangement of the microfluidic GD-FIA system. Reagent holding coils (HC) were incorporated between an EOP and the GD chip using micro unions. HC1 and HC2 were two 5-m-long and 250-μm-i.d capillaries, with HC1 holding 0.060 g L −1 BTB (pH=5.9) and HC2 holding 1.0 M NaOH +0.10 M EDTA. As the EOPs were turned on, they pumped 2.0 mM borax solution into the holding coils, pushed the reagents in HC1 and HC2 through the GD chip. As can be seen, the donor and acceptor streams flew in a counter-current format. Because the GD channels were narrow (~200 μm), they supported the PTFE membrane well, enabling us to run GD in a counter-current format. In conventional GD devices, the width of the GD channels is often around 2 mm [8] , and a counter-current flow could distort the membrane due to the pressure difference between the donor stream on one side and the acceptor stream on the other side of the PTFE membrane.
Ammonia collection efficiency Figure 2a presents the photomask with various line patterns. Pattern 3/3′ had the simplest geometry; a single straight GD channel (Fig. 2c) . Pattern 5/5′ had a single but folded channel to extend the GD channel length; we hypothesized that an extended GD channel would improve the ammonia collection efficiency by the acceptor solution. Pattern 2/2′, 1/1′ and 4/4′ had parallel channels; we hypothesized that parallel GD channels would improve the ammonia collection efficiency and consequently the detection sensitivity. Our test results revealed that changing the channel patterns had increased the analytical signal by less than 10 %. We also assessed the collection efficiency of the GD chip by stopping both the donor and acceptor streams after a sample zone entered the GD donor channel. We hypothesized that, if the collection efficiency under flow conditions was not the maximum possible one, an increased amount of ammonia should be transferred across the PTFE membrane when the solutions were stopped and this amount should increase with increasing the duration of the stop-flow time. The results showed that the analytical signals did not increase by more than 10 % for different stop-flow times, indicating that the collection efficiencies in the case of both counter-current flow and stop-flow conditions corresponded to more than 90 % transfer of ammonia from the donor to the acceptor channel of the GD chip. Therefore, pattern 3/3′ was selected for use in the subsequent experiments because of its simplicity and the fact that it produced the smallest error bar. The 50-μm-deep GD channel could have contributed significantly to achieving maximum ammonia collection efficiency both under counter-current flow and stop-flow conditions. The GD channels had an effective length (the straight portion of the channel) of~70 mm and an average width of 140 μm, thus having an effective volume of~0.5 μL. In these experiments, EOP1 and EOP2 had similar pump rates, 2.0 μL min
. This led to an average time of t=~15 s for the sample zone to spend inside the GD channel. In an aqueous solution at room temperature, ammonia has a diffusion coefficient of D=1.5×10 −9 m 2 s −1 [19] . During the 15-s period, ammonia could have diffused to an average distance of 150 μm ¼ ffiffiffiffiffiffi ffi D⋅t p À Á , three times the depth of the GD channel. In conjunction with the flow dispersion, most of the ammonia molecules would have diffused across the PTFE membrane and be absorbed by the acceptor solution. Therefore, the channel width is not expected to have influenced significantly the ammonia collection efficiency.
Effect of injection time on the analytical signal Because the injection valve was inserted directly into the donor-solution line, it was expected that the length of the sample plug would affect ammonia-NaOH mixing. The injection valve had a sample-loop volume of~5 μL, which would occupy~10 cm of the 250-μm-i.d. donor-solution line if the sample was fully injected. We normally injected only a small portion of the sample into the donor-solution line by controlling the injection time. Figure 4 presents the effect of injection time on absorbance signal. Since the pump had a flow rate of 2.0 μL min . Figure 5b illustrates the good repeatability of the method. The ten replicate runs of 4.0 mg L −1 NH 4 + standard yielded a relative standard deviation of 4.8 %. Using the standard deviation of five blank-injections as the noise, the limit of detection of this method was calculated to be~0.10 mg L −1 (S/N= 3). Under optimal conditions, a throughput of 12 samples per hour was achieved. Obviously, the sample throughput could be boosted by increasing the EOP rates.
Analysis of natural water samples
Environmental water samples were collected from Lake Thunderbird in Norman, Oklahoma at three different sites and at two different depths in May/June of 2014. These samples were brought to the laboratory, filtered using a VWR 0.2-μm membrane filter, and injected in triplicate into the GD-FIA system for ammonia measurement. The samples were also analyzed using the batch Berthelot method. The experimental results presented in Table 1 show that the two methods were in good agreement. There was no statistically significant difference between the results obtained by the two methods at the 95 % confidence level.
Conclusions
We have microfabricated an EOP and a GD chip and incorporated these two functional components into a GD-FIA system. This is the first application of a GD microchip in flow analysis. We have demonstrated the feasibility of using this GD-FIA system for measuring ammonia concentrations in environmental water samples thus providing proof of concept that complex sample pretreatment operations such as gasdiffusion separation can be conducted on a microchip platform. A limit of detection of 0.10 mg L −1 NH 3 and a relative standard deviation of <5 % were obtained. Since the sample bands were broad (>100 nL), the limit of detection may be further improved by employing a Z-shaped flow cell. Because the EOP rates were relatively low, the sample throughput was not high; this issue can be addressed by increasing the pump rates or minimizing the fluidic channels. Although two basic functional components were microfabricated in this work, a regular FIA injection valve and a conventional CE absorbance detector were employed for assembling the GD-FIA system. We are currently developing micro injection valves and miniaturized detectors and expect to build a microchip GD-FIA system before long. The major advantages of a microchip GD-FIA device will be the instrument portability, low production and consumable costs, and low waste generation. We expect that such a device will have many applications in the determination of volatile or semi-volatile analytes (e.g. low molecular mass phenols and alcohols) or analytes (e.g., CO 3 
